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 and  Xiaodong  Chen *  Graphene has garnered enormous attention due to the gamut 
of its unique properties such as wavelength-independent light 
absorption and high operating bandwidth, paving the way for 
applications in photonics and optoelectronics in various forms 
such as light-emitting devices, solar cells and photodetec-
tors. [ 1 ] However, limitations of pristine graphene have come 
to light recently, [ 2 ] and two chief problems can be attributed 
to the low photoresponse of pristine graphene. Firstly, single 
layer graphene absorbs merely  ∼ 2.3% of incident light and 
has a strong interation with light only in the far-IR region [ 3 ] 
and secondly, the electron–hole pairs generated upon light 
absorption in graphene based devices recombine in picosec-
onds due to the symmetric electrode structure. [ 4 ] To address 
these issues, great efforts have been expended, such as, in 
building asymmetric electrodes to break the mirror symmetry 
of the internal electric-fi eld profi le and enhance the effi ciency 
of photodetection, introducing plasmonic nanostructures to 
effectively increase the photoresponse in visible region and in 
using QDs as surrogates to absorb light and produce tunable 
photosensors. [ 5 ] However, such methods require complex fab-
rication techniques. On the other hand, alternatives like mod-
ifi cation of pristine graphene with metal oxides such as TiO 2 
enhanced its optoelectronic and photocatalytic properties, [ 6 ] 
but such graphene/TiO 2 composites enabled only UV light 
photodetection. Graphene oxide (GO) or reduced graphene 
oxide (RGO) fi lms have also been explored as alternatives 
to achieve high photoresponse in visible region. [ 7 ] However, 
they are limited by aggregation due to the strong van der 
Waals interactions between the graphene sheets. Hence, there 
is an unmet demand for the devices which have a detectable 
photoresponse in the visible region, that are easy to fabricate. 
 To this end, a hybrid device based on single layer 
graphene and TiO 2 nanoparticles was prepared using a simple 
fabrication technique and its optoelectronic characteristics 
were measured. The TiO 2 nanoparticles in combination with 
graphene addressed the challenge of detecting photoresponse © 2013 Wiley-VCH Verlag Gmb
 DOI: 10.1002/smll.201202885 
 Dr. K. H. Zheng, F. B. Meng, Dr. L. Jiang, 
Prof. Q. Y. Yan, Prof. H. H. Hng, Prof. X. D. Chen
School of Materials Science and Engineering 
Nanyang Technological University 
50 Nanyang Avenue, 639798, Singapore 
E-mail: chenxd@ntu.edu.sg; 
Webpage: http://www3.ntu.edu.sg/home/chenxd/ 
small 2013, 
DOI: 10.1002/smll.201202885in the visible region. Distinct changes in electrical properties 
were observed upon the introduction of nanoparticles. The 
stark difference in the photosensitivity of the device under 
UV and visible light indicated potential application in photo-
detection ( Figure  1 a). 
 Experimentally, single layer graphene was obtained via 
mechanical exfoliation onto a substrate of doped Si with a 
layer of 280 nm SiO 2 . Two major Raman peaks, the G peak 
at 1572 cm  − 1 and the 2D peak at 2683 cm  − 1 , can be observed 
in the Raman spectrum (Figure  1 b inset). The intensity of 
the single sharp 2D peak is roughly three times higher than 
that of the G peak, indicating the presence of only a single 
layer of graphene. [ 8 ] The electrodes of the device, which acted 
as the source and drain to the single layer graphene, were 
fabricated by E-beam lithography followed by sequential 
thermal deposition of Ti (10 nm) and Au (50 nm). The highly 
doped silicon substrate served as a back-gate electrode for 
the device. After initial electrical measurements, TiO 2 nano-
particles were directly coated on the surface of the pristine 
graphene by immersing the device into well dispersed TiO 2 
ethanol solution. Figure  1 c shows the optical microscopy 
image of the pristine graphene device modifi ed with TiO 2 
nanoparticles, wherein randomly aggregated distribution of 
the TiO 2 nanoparticles can be observed on the surface of the 
graphene. 
 The  I-V behavior of the pristine graphene device was 
measured before and after the modifi cation by TiO 2 nano-
particles (Figure  1 d). The device demonstrates a linear 
 I-V behavior indicating that an ohmic contact was formed 
between the graphene and the electrodes. The resistance 
of the device decreased after the assembly of the TiO 2 
nanoparticles. The transfer characteristics (the source-drain 
current  I sd versus gate voltage  V g ) of the device were meas-
ured by applying a fi xed source-drain bias voltage ( V sd  = 
10 mV) and sweeping the gate voltage ( V g ) between  + 40 V 
and  − 40 V in 0.5 V steps (Figure  1 e). The result shows a 
slightly ambipolar behavior with a threshold voltage ( V th ) 
at  ∼ −8.5 V for the pristine graphene device before the modi-
fi cation of TiO 2 . Contrastingly, upon the introduction of the 
nanoparticles, the ambipolar behavior of the device became 
obvious and the  V th shifted to  ∼ −10 V indicating that the 
graphene device was n-doped (the pristine graphene device 
showed an n-type behavior at zero bias after the modifi ca-
tion). [ 9 ] Hence, we postulated that the TiO 2 coating could 
induce an n-doping effect in the graphene device since the 
surfaces of TiO 2 nanoparticles are full of oxygen vacancies. 1H & Co. KGaA, Weinheim wileyonlinelibrary.com
K. H. Zheng et al.
2
communications
 Figure  1 .  Fabrication and characterization of pristine graphene and TiO 2 nanoparticles based 
hybrid device. a) Schematic of pristine graphene transistor modifi ed with TiO 2 nanoparticles 
(Not to scale). b) Optical image of single layer graphene and c) the corresponding hybrid 
device d)  I-V curve ( V g  = 0) and e) gate dependent characteristic behavior of the pristine 
graphene device before and after the modifi cation with TiO 2 nanoparticles. Inset in (b) is the 
Raman spectrum of the single layer graphene. To rule out the effect of ethanol on the pristine graphene 
device, a control experiment was concurrently conducted 
by immersing the device into a solution of pure ethanol 
without TiO 2 nanoparticles. Under this circumstance, barely 
any changes could be observed in the  I-V behavior or in 
transfer characteristics. 
 To examine the photoresponse of the pristine graphene 
device without modifi cation of TiO 2 nanoparticles, it was 
exposed to both UV light (254 nm,  ≈ 20  μ Wcm  − 2 ) and visible 
light (500 nm,  ≈ 100 mWcm  − 2 ). In order to elucidate the infl u-
ence of the light on the performance of the graphene device, 
 Equation 1 
 
J = Jir r − J0
J0  
(1)
 
is utilized to investigate the performance of the device, where 
 J irr and  J 0 indicate the current density with and without www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,light irradiation, respectively.  Figure  2 a 
is the typical photoresponse of pristine 
single layer graphene device under UV 
irradiation. Unexpectedly, the device 
was instantly destroyed when exposed 
to UV light, resulting in an abrupt drop 
in the conductivity. Since a large amount 
of charges could be generated to dra-
matically increase the current over a very 
short span of time after UV light irradia-
tion, enormous heat was accumulated in 
the junction between graphene and the 
electrode. Thus, the destruction of the 
device might have been due to the quick 
oxidation of the device at high tempera-
ture. This assumption was validated by 
irradiating the pristine graphene device 
with UV light under vacuum, (Figure S1) 
wherein no obvious photoresponse could 
be observed. 
 While irradiating the TiO 2 nanoparti-
cles modifi ed graphene device, we found 
that the hybrid device was more resistant 
to destruction as against its pristine coun-
terpart. As shown in Figure  2 b, a positive 
photoresponse could be observed under 
UV irradiation. Moreover, the UV sen-
sitivity of the device was enhanced after 
several cycles of UV irradiation, indicating 
that the TiO 2 nanoparticles became more 
photoactive after repeated UV irradiation. 
Owing to TiO 2 ’s low bandgap energy of 
3.2 eV (anatase), electron-hole pairs could 
be generated under the UV irradiation. [ 10 ] 
The photoexcited electrons generated in 
the TiO 2 nanoparticles resulted in a dra-
matic increase of electrons injection to the 
conduction channel and therefore changed 
graphene (n-type) to a high conductance 
state. [ 6b , 11 ] Once the UV light was turned 
off, the recombination of the electron–hole pairs reduced the carrier density, thereby ebbing the current 
fl ow. 
 In the meantime, when visible light (500 nm) was 
employed to investigate the optical property of the pris-
tine graphene device, no obvious photoresponse could be 
observed (Figure  2 c). It has been reported that in a sym-
metric device, as the light illuminates both electrodes simul-
taneously, it produces equal but opposing polarity currents 
that result in a net zero photocurrent. [ 12 ] Compared to the 
phenomena observed with pristine graphene devices, those 
with modifi ed TiO 2 nanoparticles produced a repeatable 
and reversible positive photoresponse behavior (Figure  2 d) 
under visible light (500 nm). This can be ascribed to the fact 
that when the device was exposed to visible light, no charge 
separation takes place since the TiO 2 nanoparticles can only 
be activated under UV light. We noticed that when the nano-
particles were distributed on graphene, the oxygen molecules  Weinheim small 2013, 
DOI: 10.1002/smll.201202885
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 Figure  2 .  Time response of the drain current of the pristine graphene device while a) UV light 
(254 nm) and c) visible light (500 nm) are on and off. Time course of the drain current of the 
TiO 2 coated graphene device while b) UV light (254 nm) and d) visible light (500 nm) are on 
and off.  V sd  = 10 mV and  V g  = 0 V. readily absorbed onto the surface as the experiment was car-
ried out at ambient condition. The presence of oxygen leads 
to the formation of negatively charged oxygen anions due 
to the reaction between active electrons and oxygen. [ 13 ] This 
reduces the scattering sites and releases hole carriers into the 
conducting channel and therefore lowers the conductance of © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
 Figure  3 .  Schematic illustration of the hybrid devices when exposed to UV light and visible 
light .
small 2013, 
DOI: 10.1002/smll.201202885graphene (n–type). [ 6b ] As reported ear-
lier, adsorbed gas molecules would desorb 
even under the visible light. [ 14 ] Hence, we 
postulated that desorption of adsorbed 
oxygen molecules under visible light 
would induce the release of the electrons 
back to the conducting channel and hence 
increase the current. In order to confi rm 
our hypothesis, the photoresponse of the 
hybrid device was measured in vacuum 
(1  × 10  − 5 torr) and no obvious photore-
sponse could be detected, as expected 
(Figure S2). 
 The mechanism of the visible light 
photo response achieved by our hybrid 
device is schematically represented in 
 Figure  3 . The vast disparity of the cur-
rent intensity when the hybrid device 
is exposed to visible light and UV light 
can be explained based on the photode-
sorption of oxygen. Crystalline defects 
of nanoparticles have a greater propen-
sity of increasing oxygen adsorption, 
thereby readily forming oxygen anions 
on the surface of TiO 2 nano particles. 
When the hybrid device consisting TiO 2 
nanoparticles is exposed to UV light, the ground-state electrons are activated into the excited 
state, producing a large amount of free electrons which are 
injected into the graphene layer. Moreover, most oxygen 
molecules desorb from the surface of TiO 2 nanoparticles, 
simultaneously releasing the electrons back to the con-
ducting graphene channel. [ 14 ] In contrast, when the hybrid device is exposed to visible light, the 
energy is insuffi cient to excite the ground 
state electrons in the TiO 2 nanoparticles. 
However, a few oxygen anions bound to 
the nanoparticles are desorbed, releasing 
the electrons back into the graphene con-
ducting channel, thereby increasing the 
mobility in n-type semiconducting devices. 
However, since the charge injection in this 
scenario is of lesser intensity, the corre-
sponding current density measured in the 
device is lower. Hence, the photoresponse 
of the hybrid device is higher under UV 
irradiation. 
 The hybrid device exhibits a wave-
length and light intensity dependant 
behavior as refl ected in  Figures  4 a and 
b, respectively. The stark variation of the 
current density between 9.4% under vis-
ible light (500 nm) and 45.8% under UV 
light (254 nm) as well as the step-by-
step increase of the photoresponse cor-
responding to an increase of the light 
intensity, ideally renders a tunable hybrid 
device suitable for a host of applications 3www.small-journal.com
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 Figure  4 .  a) Illustration of the wavelength-dependent photoresponse of the hybrid device. 
b) Illustration of the light intensity-dependent behaviour of the hybrid device. Inset is the 
original data of the photoresponse of the device. The on/off arrows represent the light on 
and off. including ‘to be added’. Most importantly, the excellent 
conductivity of pristine graphene has been preserved in 
the hybrid device while the range of its detectable photo-
response has burgeoned to include the visible light region in 
addition to UV light. 
 In summary, we have successfully fabricated a hybrid 
optoelectronic device based on pristine graphene and TiO 2 
nanoparticles. The novelty lies in the simplicity of its fabri-
cation technique and in its ability to produce a reversible 
photoresponse in the visible region of the light spectrum 
in addition to the UV region. We have outlined the photo-
induced oxygen desorption mechanism, which we believe 
forms a new category of light-induced charge injection based 
photoresponse. The tunability of the photosensitivity of 
the hybrid device at different wavelengths holds forth the 
promise of a photodetector. 
 Experimental Section 
 Device Fabrication and Characterization : Single layer 
graphene with a clean surface was obtained by the mechan-
ical exfoliation of natural graphite on doped silicon wafer with 
280 nm of thermally grown SiO 2 on its surface. Au (50 nm) on 
Ti (10 nm) leads, which were separated by 10  μ m, formed the 
source and drain contacts to an individual single layer graphene 
(SLG) through standard thermal evaporation. The highly doped 
silicon wafer served as a global back-gate electrode for the 
device. After initial electrical characterization and selection of 
individual SLG devices, nanoparticles were directly assembled 
on the surface of the pristine graphene by immersing the devices 
in a TiO 2 dispersed ethanol solution ( ∼ 0.3 g L 
 − 1 ) for 30 s. Once 
the devices were removed from the solution, they were dried on 
the hotplate at 50  ° C for 10 min. The devices were characterized 
using a standard probe station and semiconducting parameter 
analyzer (Keithley 4200). Light irradiation experiments were per-
formed with 254 nm ( ∼ 1.6 mWcm  − 2 ) light generated by an 8 W 
handheld UV lamp and with 500 nm light ( ∼ 100 mWcm  − 2 ) gener-
ated by a 150 W (Olympus LG-PS2-5) Xe lamp source. The power 
intensity of the light was measured using a PM100 optical power 
meter (Thorlabs, GmbH Manufacturing Facility) under the same 
experimental conditions. www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,  Supporting Information 
 Supporting Information is available from the 
Wiley Online Library or from the author. 
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